Abstract. Leading Edge Roughness (LER) has become a critical challenge for wind turbine operators, often reducing the energy production of their turbines. LER has not yet been systematically categorized, and the transfer function between height/extent of roughness and the aerodynamic performance has not been established. A common method for emulating LER is to use zigzag tape or distributed sand grain roughness in a wind tunnel. This paper contains 2D and 3D CFD simulations and wind tunnel tests with zigzag tape on a NACA 633-418 airfoil, to evaluate the changes in aerodynamic characteristics. Because 3D CFD requires a vast amount of computing power, it is investigated if 2D simulation gives a sufficient level of accuracy.
Predicting the Influence of Surface Protuberance on the Aerodynamic Characteristics of a NACA 63 3 
Introduction
It is known that the flow behavior of a fluid is influenced by the shape and the conditions of the surfaces nearby where the fluid passes [1] . In aerodynamics, a rough surface is known to have a negative impact on the boundary layer properties resulting in a higher drag, and for airfoils also a decrease in lift. Wind turbine blades are known to suffer from contamination in the form of bugs, moss and dirt in general [2, 3] . Wear and tear of the wind turbine blades over time can also result in erosion that gives the surface a certain roughness height. These different disturbances are generally described as Leading Edge Roughness (LER). From experience, the LER often causes a 1-7% loss in annual energy production (AEP), but it can cause as high as 20% (estimated by PROPID based on Wind Tunnel Tests, see [4] ) for some airfoil families in severe cases [5] [6] [7] . The loss in AEP dealt with in this paper is less severe.
Cleaning or repairing of wind turbine blades is difficult and expensive compared to airplane wings, due to their location and accessability, thus the loss in power has to be high before measures are taken by the turbine owner. The critical height of roughness scales proportionally with rotor diameter between R 0.5 and R 0.8 [8] , i.e. larger blades generally suffer relatively more from the presence of LER than smaller blades, given the LER has the same relative size to the blade. This makes the prediction of aerodynamic changes due to LER important for wind turbines.
In the past, a series of devices attached to airfoil surfaces, known in the literature as protuberances, have been used to emulate LER, mainly in wind tunnel tests. [9] This includes stall strips, trip strips and zigzag (ZZ) tape. The devices all serve the same purpose: To trip the flow and provoke a premature turbulent boundary layer and possibly separation of the Simulations on airfoils with ice accretion have been made, but the extent of ice on airfoils is much higher than the described LER and mostly conducted for airplanes with higher mach numbers than wind turbines, see [10] [11] [12] [13] [14] [15] [16] [17] . Some simulations have also been conducted on sandpaper as LER using roughness models for simulations, see [18, 19] . The present studies are the reasons for this investigation.
The computational code used to predict the aerodynamic characteristics of a common NACA 63 3 -418 is the Danish Technical University (DTU) Wind Energy in-house Computational Fluid Dynamic (CFD) software Ellipsys2D and Ellipsys3D. The NACA 63 3 -418 airfoil is well known and has previously been simulated in Ellipsys2D [20] [21] [22] . The objective of this paper is to investigate the possibility of simulating the flow on the NACA 63 3 -418 with protuberances modeled in the grid in 2D and predict the aerodynamic characteristics.
Methods
This section describes the experiments with protuberances in the form of wind tunnel tests and general CFD setup.
Experiments
A series of experiments have been conducted in the Laminar Wind Tunnel (LWT) at the Institute for Aerodynamics and Gas Dynamics, University of Stuttgart, in 2015. [23] The Stuttgart LWT has a test section of 0.73 m x 2.73 m with a length of 3.15 m. Lift was determined by integration of pressure distribution along the tunnel walls, and drag was determined by an integrating wake rake. The chord c of the NACA 63 3 -418 test airfoil was 600 mm. The experiments used in this article are all conducted at a Reynolds number of Re = 3 million. The test section can be seen in Figure 1 . 
Simulations
The simulations are based on the same notations as the wind tunnel tests. In text and figures, the different results will be presented with the following notation: Wind tunnel test results is "WT". Simulated results are denoted "CFD". Cases with no LER is "Clean", the 0.4 mm ZZ tape is "0.4", and the 0.8 mm ZZ tape is "0.8". Likewise, it will be noted if it is 2D or 3D simulations. The 0.8 mm ZZ tape is obtained by using two 0.4 mm strips layered on top of each other.
Grid
The grid is constructed using the geometry of the measured airfoil from the wind tunnel test. Some deviation between the theoretical and measured NACA 63 3 -418 test airfoil was evident, especially at the leading edge. It was chosen to simulate on the measured airfoil to get the most accurate results. Smoothing was applied to the measured points within reasonable limits. It is constructed using the DTU Wind in-house HypGrid2D, a 2-D Mesh Generator [24] . An overview of combinations and notations are given in table 2.2.1:
Suction Side of the airfoil p.s.
Pressure Side of the airfoil Clean 2D
NACA 63 3 418 2D simulations without protuberance ("Clean") Clean 3D
NACA 63 The grid of the clean airfoil can be seen in Figure 3 . A structured O-mesh with a domain radius of 45 times the chord has been used. The simulated airfoil chord is 1 m. The zigzag tape height and width is scaled accordingly with 1000mm/600mm. Figure 3 shows the total 2D grid domain of the clean airfoil. Figure 4 shows a close up of the grid of the clean airfoil. Only every 4th grid line is shown. The total number of cells in the circumferential direction is 512 and 384 in the normal direction, a total of 196,608 cells in the 2D grids. The high number of cells was necessary to get grid-independent results in 3D simulations with the 0.8 mm ZZ protuberance, described in section 3. The boundary layer consist of approximatly 60 cells where the boundary layer is thinnest, which also applies for the boundary layer on top of the ZZ tape. All wall cells on the airfoil are ≈1·10 −6 chord length, which results in a y+ of 0.1-0.2 for all wall cells. To achieve uniformity, the same grid settings were used for all simulations. The outlet is around 45 • and can be seen together with the grid blocks in Figure 5 . The grid blocks make it possible to run on multiple CPU's [24] . The grid used for 3D simulations has the same amount of cells and cell distribution as in 2D. The 3D grid is made from two grids, grid-A and grid-B. Grid-A is identical to the corresponding 2D grids, whereas grid-B has the ZZ tape shifted towards the trailing edge, see Figure 7 . Naturally, there is a grid-A and grid-B for both 0.4, 0.6 and 0.8 mm ZZ tape and the clean airfoil. The spanwise length is 0.02 m. The unscaled ZZ tape has a tip-to-tip distance of 6 mm, which results in 10 mm when scaled by 1000mm/600mm, hence the 0.02 m span contains two periods of ZZ tape form as depicted in Figure 6 -8. It could be limited to a span of 0.01 m, but for illustration purposes it was chosen to use 0.02 m. Each of the two ZZ tape instances is divided into 8 cells each with the same spanwise length, resulting in a total of 32 cells in the spanwise direction, resulting in a total of 6,291,456 cells in the 3D cases. The ZZ tape height was also simulated with 12 and 16 cells, but gave results similar to 8 cells. A periodic condition is applied to the spanwise boundaries. Grid-A blends into grid-B in the farfield using a tanh function over the first 150 cells, resulting in stable 3D simulations. All coefficients calculated for 3D cases are spanwise averages. EllipSys is an incompressible finite volume RANS flow solver, which uses the SIMPLE algorithm to solve the Navier-Stokes equations [25] [26] [27] [28] . The QUICK scheme is used to discretize the convective terms, see [29] . A relaxation of 0.6 is used on all velocities, and a relaxation of 0.1 on the pressure in all simulations. The density of the fluid is 1 kg/m 3 , the chord is 1 m, and the dynamic viscosity is 3.333·10 Menter's k-ω with SST is used as turbulence model [30] . The e N by Drela-Giles is used to simulate transition and separation of the flow. [31] The N factor was tested with values from 3 to 9 with an increment of 1 and found to give the best fit with N = 9 in the clean case, hence this factor is used in all simulations. The calibration of the N factor was mainly based on lift and drag fits between the experimental results and the CFD simulations for the clean situation.
The simulations are done on coarser level 2 and 3 to assure grid-independent results. All simulations are run from -5 to 12 deg AoA as no steady solution was found in the 3D simulations above 12 deg AoA. Furthermore, no wind tunnel drag measurements are present above 10 deg AoA.
Results and Discussion
A first glance at the simulation results in Figure 9 for the clean airfoil shows good correspondence between grid levels. A reduction in cells causes changes in lift and drag for AoA above 9 deg. The results are in close agreement and the grid resolution is acceptable. 
Wind Tunnel vs. CFD: Clean Airfoil
The next natural step is to compare the clean simulations for both 2D and 3D simulations to the WT Clean results. The 3D grid is constructed using the same grid file in each spanwise position. The results can be seen in Figure 10 . Stall is not predicted to be as severe in simulations as in the WT test. There will be differences between the implementation methods of the simulation models in 2D and 3D. The lift/drag ratio correspondence is as good as can be expected. A comparison of the pressure coefficients (C P ) is done at 0, 5 and 10 deg AoA. Figure 11 shows the 2D CFD Clean against the WT Clean test. In all cases the pressure is predicted to be slightly lower than measurements, which might explain the small deviation in drag. No tunnel correction has been applied to the measured C P which will introduce some deviation between simulation and test data.
Wind Tunnel vs. CFD: Protuberance Airfoil
As partly described in section 2.2.1, the grid is made in both 2D and 3D. An intermediate step has been introduced, which is called "pseudo-2D". In this step grid-A is used also as grid-B, to see the effect of 2D LER in 3D. This is done because zigzag tape cannot be modeled in 2D CFD. Here it turns into a bump with no geometrical changes in the spanwise direction. Figure 12 shows the simulated and measured lift as a function of AoA (left) and as a function of drag (right) for the 0.4 mm ZZ tape case. As in the clean case, the 3D computations predict the drag better at low AoA. The lift is still over-predicted, especially in the stall region. Figure  13 shows the simulated and measured lift and lift/drag for the 0.8 mm ZZ tape case.
A difference between 2D and 3D can be seen, with a much higher drag and better correspondence in the 3D case. The pseudo-2D simulations predict the flow just as 2D from -5 to 4 deg AoA and slightly better above that, but not as well as the real 3D simulation. Figure 14 and 15. The best-case correspondence is a CFD ratio equal to the WT ratio. A relation between 2D and 3D simulation with ZZ tape is difficult to establish based on two cases. Therefore, a third case is introduced, being 0.6 mm ZZ tape. However, no WT tests are available for this. Based on the results described above, it is concluded that EllipSys2D and EllipSys3D are both capable of simulating this kind of geometry, and the 0.6 mm case relies solely on the CFD simulations. The simulation results for Clean, 0.4, 0.6 and 0.8 mm ZZ tape are collected in Figure 16 . From Figure 16 , a linear relation between ZZ tape height and drag coefficient C D in 2D is observed. The 3D simulations have a non-linear relation. It would be possible to estimate a correction factor when going from 2D to 3D, but the data basis for this is not present. There are too many unknown parameters such as the chord-wise location of the protuberance, the angle in the protuberance (being 60 deg here), edge angles on the protuberance and the fact that the shape will never be as clearly defined and periodic in real LER cases. In the case of 60 deg ZZ tape, the third dimension of the ZZ tape has very little impact on 0.4 mm, medium impact on 0.6 mm and quite a high impact on 0.8 mm. The colorbar is set to be from -5 to 5 for all three ZZ heights. It is clear how the cases with 0.6 and 0.8 mm ZZ tape are subjected to stronger vorticities both close to the airfoil and in the normal direction. The 3D effect in the 0.4 mm ZZ case is present but low. It can also be seen that double ZZ tape height results in more than double the vorticity size.
One of the conclusions of the investigations above is that 2D simulations can be used to predict the flow for a 3D situation up until a certain height of the protuberance. Since the computational time is longer compared to 2D and the complexity of making the grid for 3D is much higher, the accuracy is deemed acceptable for 2D simulations.
Conclusion
As stated in section 1, existing literature deals with the simulations of LER as being either ice accretion, simulated by implementing the ice structure directly in the grid or smaller LER like sandpaper or particles simulated by a roughness model. The possibility of simulating small LER with a size (height or depth) of 0.1%c and above, has been investigated in this paper. Both EllipSys2D and EllipSys3D are able to predict the transient solution for the angles in the range -5 to 12 deg AoA. EllipSys3D struggles with solutions for steady simulations in the range from 9 to 12 deg AoA when the protuberance/LER becomes larger than approximately 1%c. For the EllipSys2D simulations no such problems are experienced. Simulations have been compared to wind tunnel tests and generally good agreement is found. As often seen, the maximum lift is over predicted simulations as well as an underrated drag. Differences between 2D and 3D simulations is found where the drag in particular is predicted better in 3D, however, the significantly lower calculation time and grid complexity justifies simulations done in 2D.
The final conclusion states that it is indeed possible to simulate small LER by direct implementation in the grid, and it is to some extent sufficient to do simulations in 2D rather than 3D.
